Phylogenetic trees constructed using human mitochondrial sequences contain a large number of homoplasies. These are due either to repeated mutation or to recombination between mitochondrial lineages. We show that a tree constructed using synonymous variation in the protein coding sequences of 29 largely complete human mitochondrial molecules contains 22 homoplasies at 32 phylogenetically informative sites. This level of homoplasy is very unlikely if inheritance is clonal, even if we take into account base composition bias. There must either be`hypervariable' sites or recombination between mitochondria. We present evidence which suggests that hypervariable sites do not exist in our data. It therefore seems likely that recombination has occurred between mitochondrial lineages in humans.
INTRODUCTION
It is generally accepted that, in higher plants and animals, mitochondria are inherited from one parent, usually the mother, and that their inheritance is therefore clonal. This dogma appears to have arisen out of the belief that paternal mitochondria do not penetrate the egg (Ankel-Simons & Cummins 1996) . However, it is now well-known that paternal mitochondria do enter the egg and survive for several hours in mammals (Kaneda et al. 1995; Ankel-Simons & Cummins 1996) . Since mitochondria also contain the enzymes necessary for homologous recombination (Thyagarajan et al. 1996; Lunt & Hyman 1997) , it seems possible that there is recombination between mitochondrial lineages and that the inheritance of mitochondria is not clonal.
Phylogenetic trees constructed using mitochondrial DNA (mtDNA) sequences contain many homoplasies, i.e. back or parallel changes at a site (e.g. see Vigilant et al. 1991) . Homoplasies are either due to repeated mutation or to recombination. If the homoplasies are due to mutation then it is necessary to hypothesize that some sites change more often than others, i.e. that there are`hypervariable' sites (Hasegawa et al. 1993; Wakeley 1993) . Most of the analysis of mitochondrial DNA within species has focused on the control region, a sequence of ca. 1000 bp, which is involved in the control of DNA replication and transcription. Some sites are expected to change more often than others in the mitochondrial control region for two reasons: ¢rst, some sites are constrained by function (Sbisa et al. 1997 ) and, second, there is strong base composition bias within the control region. Base composition bias leads to variation in the rate of change for the following reason. Imagine that there are just two bases, C and T and that the frequency of C in a sequence is 90%. This implies that a T is nine times more likely to be replaced by a C than a C by a T. So, although over the long term, each site may have the same average rate of change, over the short term, sites occupied by T are much more likely to change than sites occupied by C. It is therefore unsurprising that Jazin et al. (1998) recently found evidence of variability in the rate at which new mutations appear at sites in the mitochondrial control region within human families. However, the question remains whether constraint and base composition bias are su¤cient to explain the level of homoplasy within human mitochondrial sequences, or whether there must be additional sources of variability in the rate of change or recombination. This is the question we address here.
Although sites are constrained within the control region, it is not easy to identify them. It is therefore di¤cult to assess whether the level of homoplasy within the control region can be explained by a combination of constraint and base composition bias. We have, therefore, chosen to concentrate on variation at synonymous sites in the protein-coding regions of human mitochondrial sequences.
MATERIALS AND METHODS
We collected 29 largely complete mtDNA sequences from Genbank (human`European', X93334 and humanÀfrican', D38112) and the literature (DCM__P1^FICM (Ozawa et al. 1991) , BrownI and BrownII (Brown et al. 1992a) , BrownIII (Brown et al. 1992b) , TNK203 and TNK205 (Kobayashi et al. 1991) , Yoneda (Yoneda et al. 1990 ), CMD-1^SVR89-2 (Marzuki et al. 1991) and Wallace (Wallace et al. 1988) ). The`Cambridge' sequence was not included since it is a chimera from two di¡erent individuals (Arnason et al. 1996) . We also used three complete chimpanzee (X93335, D38113 and D38116), two gorilla (D38114 and X93347), two orang-utan (D38115 and X97707) and one gibbon (X99256) sequences in our analyses. The non-overlapping protein-coding sequences, excluding stop codons, were extracted from each sequence. The ND6 gene was reversed and complemented for most of the analyses since this is on the L strand, whilst all other protein-coding genes are on the H strand.
We also used the following Pan troglodytes sequences: 20 ND2 sequences (Wise et al 1998) , four complete cytochrome b sequences (X93335, D38113, X93338 and X93339), 33 partial cytochrome b sequences (L-35346^35361 and L35363^L35379), four ND4 sequences (X93335, D38113, X93344 and X93345), ¢ve COII partial sequences (X93335, D28113, U12697, U12705 and U12706) and four partial ND5 sequences (X93335, D38113, X93343 and X93346).
In all analyses, only synonymous variation segregating in the third position of codons, which were otherwise invariant, were considered. All parsimony analyses were performed in PAUP, v. 3.0, using a heuristic search with`closest' addition and`tree bisection reconnection' branch swapping. To calculate the number of homoplasies expected if reproduction is clonal we used the amino acid frequencies and codon usage of the European sequence (X93334). To incorporate the (conservative) assumption that only transitions occur, fourfold redundant amino acids were treated as two distinct amino acids: in the case of valine, for example, one coded for by GTA or GTG and one by GTC or GTT. Sixfold redundant amino acids were treated as three distinct amino acids.
RESULTS
In our sample of 29 largely complete human mitochondrial sequences, there were 126 synonymous polymorphisms segregating at 3628 third sites, of which 32 were phylogenetically informative. The informative sites are shown in table 1. The most parsimonious trees constructed using the informative sites that we could ¢nd had 54 steps and, therefore, 22 homoplasies. In total, there were 1568 most parsimonious trees.
The expected number of mutational events needed to generate 126 polymorphisms in 3628 third sites is 128.2 if the inheritance of mitochondria is clonal and each site is equally likely to change. Hence, we would expect 2.2 homoplasies; the probability of getting 22 is e¡ectively zero.
There are, however, two sources of variation in the rate of change between sites that can increase the number of homoplasies: selective constraint at a proportion of the sites and base composition bias. To test whether there is constraint at some synonymous sites in primate mitochondria we considered the degree to which human synonymous sites are saturated with substitutions relative to other primates; if there is no constraint at synonymous sites, the observed divergence should (eventually) approach the expected divergence calculated from the base composition of the sites in question (Maynard Smith & Smith 1996) . We concentrated on twofold degenerate (Anderson et al. (1981) .) 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 position in 3 4 4 4 5 6 6 7 8 9 9 0 0 0 0 1 1 1 2 2 2 2 2 2 2 3 4 4 4 5 5 5 sequence 4 8 9 9 1 4 7 0 0 0 8 3 6 8 9 2 3 4 3 3 4 5 6 7 7 3 3 6 8 0 2 3 2 8 5 8 4 5 7 2 7 2 2 9 0 7 1 5 3 6 7 9 4 0 1 0 7 6 6 6 9 4 5 0 3 3 8 5 7 5 6 8 1 7 4 7 7 3 5 1 5 7 2 9 1 1 2 5 1 8 5 8 3 3 6 1 
codons because the rate of transitional change is much greater than the rate of transversional change in mammalian mitochondria. When twofold degenerate codons become saturated, the expected divergence is
for T/C-ending and A/G-ending codons, respectively, where X y is the frequency of nucleotide X in species y. If there is constraint, the observed divergence will be (1À )D, where is the proportion of sites which are constrained and now X y is the frequency in the sites which can vary. The observed divergence, divided by the expected divergence at saturation, is plotted against the amino acid divergence in ¢gure 1 for a variety of primates. The amino acid divergence serves as a surrogate measure of time. There is little indication that some synonymous sites are selectively constrained; for both T/C-and A/Gending codons the trend seems to be such that the expected divergence will eventually be reached.
Synonymous codon use in mitochondria is biased (Perna & Kocher 1995) ; this leads to di¡erences in the rate of change between sites because sites occupied by a rare nucleotide change more often than sites occupied by a common nucleotide. To take this into account in our calculation of the expected number of homoplasies, we calculated the e¡ective site number, S e : S e 1/p, where p is the probability that if two random changes occur in a sequence, they occur at the same site (Maynard Smith & Smith 1998 ). In the extreme case, in which each amino acid is coded for by only one codon, S e 0. More generally, if the frequency of the common codon is f, then at equilibrium S e 4f (17f ). A second di¤culty arises because transitions are more frequent than transversions. In the human data set this is a large e¡ect: 113 out of 126 variable sites and 28 out of 32 informative sites are polymorphic for a transition. We have therefore estimated S e on the assumption that only transitions can occur: if, as is the case, a few transversions also happen, this will lead us to overestimate p and, hence, to underestimate S e . This is conservative, in that it leads us to overestimate the number of homoplasies expected if reproduction is clonal. Taking into account that the bias is di¡erent for di¡erent amino acids, we estimate that S e 2269 in our data set or 62% of the sites available.
Given an e¡ective site number of 2269, the expected number of random hits needed to generate 126 polymorphisms is 129.63, implying 3.63 homoplasies, which is in sharp contrast to the observed number, h o 22. The probability of 22 homoplasies if inheritance is clonal is close to zero. To give a 1% chance of 522 homoplasies, given 126 polymorphisms, requires S e *700 or only 19% of the sites available.
The homoplasies must therefore be due to recombination or to variation in the rate of change which cannot be attributed to base composition bias. We will refer to sites which might have a rate of change above that due to base composition bias as`hypervariable' sites. Hypervariability can be produced by both mutation and selection; however, since there is no evidence of selection upon synonymous codon use in human mitochondria (¢gure 1; A. Eyre-Walker, unpublished data) it seems more likely that it would be due to hypermutation. We need to di¡er-entiate between two types of hypermutation: sites at which one particular type of mutation is elevated (e.g. C3T) and sites at which several types of change are increased simultaneously (e.g. C3T and T3C). It seems most likely that hypermutation will be in one direction. However, this raises a problem: if the mutation rate in one direction is very high we would expect the site to be in the non-hypermutable state, e.g. if C3T is very frequent then we expect the site to be occupied by T most of the time. To estimate the number of sites which would have to be hypervariable to explain our data and the degree to which they would have to mutate faster than normal sites, we ¢tted a model, in which sites were either normal or hypermutable, to the number of sites which were polymorphic and homoplasic (see Appendix A). There are a range of solutions, examples of which are given in table 2. Two conclusions are evident. First, a substantial fraction of sites would have to be potentially hypermutable, though most would be in the non-hypermutable state. Second, sites which were in the hypermutable state would have to mutate more than 30 times faster than normal sites.
If a substantial fraction of sites are hypermutable (in one direction) then this will manifest itself in the level of divergence at saturation; the divergence will be below that expected from the base composition. Let us consider twofold degenerate sites and imagine that a fraction, , of the sites are hypermutable. Let the frequency of sites in state 1 be f m at hypermutable sites and f n at normal sites, e.g. the frequency of T might be f m in the hypermutable sites of T/C-ending codons. The proportion of sites which di¡er between two sequences at saturation is
but the level calculated from the base composition is
where
It is not di¤cult to show that D5D * . The inequality also holds under more complex models where there are many di¡erent types of site, in which state 1 is favoured at some sites, while state 2 is favoured at others (A. Eyre-Walker, unpublished data). However, the divergence at twofold degenerate codons between humans and gibbons or orang-utans appears to be very close to the level you would expect at saturation given the codon bias (¢gure 1). There is therefore no evidence that hypermutable sites, in which the mutation rate is substantially higher in one direction, exist; a substantial fraction of the sites would have to be hypermutable to explain the level of homoplasy in our data and those sites would manifest themselves as a low level of divergence at saturation.
It is possible that there are hypermutable sites in which several directions of change are elevated simultaneously (e.g. C3T and T3C). If such sites existed, then the hypermutable sites should tend to vary in both humans and other primates (note that since the rate of nonsynonymous substitution is relatively low in primate mitochondria the context of sites tends to be preserved across taxa). However, if hypermutable sites do not exist, the proportion of sites which vary in both humans and other primates (W) is expected to be the product of the proportion which vary in humans (W h ) and the proportion which vary in the other data set (W o ), if the two groups of sequences are saturated with respect to one another, e.g.
If the two groups of sequences are not saturated, then the overlap is expected to be greater than W h W o . Most of the variation segregating both in humans and within our primate sample are transitions. Figure 1 shows that even the divergence between humans and chimpanzees is approaching saturation with respect to transitions.
We have performed two analyses. In the ¢rst we compared the sites which are polymorphic in humans to those that vary within chimpanzees, gorillas and orangutans. In the second, we compared the sites which are homoplasic in the most parsimonious trees of the human data to sites which vary in another primate. The sites which are homoplasic in one out of 20 randomly chosen most parsimonious trees are shown in table 3. The results of the overlap analysis are given in table 4. There is no evidence that hypervariable sites exist; the observed number of sites which are polymorphic in humans and variable in another primate is very similar to the number expected without hypervariable sites (table 4). For example, there are 1343 codons available for analysis where we have four or more P. troglodytes sequences: for these there are 46 sites variable in humans and 86 sites variable in chimps and the expected overlap is 2.9 compared to the observed value of four. If we restrict the analysis to sites which are homoplasic in humans, there is one site which is polymorphic in both humans and chimpanzees; this is very close to the expected value of 0.9 sites.
Hypermutable sites often occur in particular contexts, for example CpG dinucleotides in mammals (Bulmer 1986; Bird 1987) and CCAGG sites in Escherichia coli (Coulondre et al. 1978; Halliday & Glickman 1991) . is only one obvious pattern: four of the sites occur in a direct repeat involving the adjacent four base pairs (two either side of the site). However, this pattern is not signi¢-cant. Direct repeats are relatively common since the same amino acid often occurs at adjacent sites; 405 of the 3754 third sites analysed occur in a direct repeat of the four adjacent nucleotides. The probability of observing four or more sites in a direct repeat is 0.142.
DISCUSSION
An analysis of 3628 synonymous third sites in the protein-coding regions of 29 human mitochondrial sequences revealed 126 polymorphisms. If all third sites were equally likely to change, the expected number of homoplasies would be 2.2, whereas the observed number is 22: the probability of such an excess is e¡ectively zero. It follows that there has either been recombination or that all third sites are not equally likely to change.
There are three reasons why the likelihood of change may vary between sites. First, there is strong synonymous codon bias in mitochondria (Perna & Kocher 1995) . Those sites at which an amino acid was coded for by the less favoured codon in the ancestral human population would be more likely to change and, hence, be homoplasic. Second, it is possible that certain synonymous sites are constrained by selection. Mutations at those sites would be less likely to be detected as polymorphisms. Third, sites may have elevated rates of mutation, either symmetrically (e.g. C3T and T3C) or asymmetrically (e.g. only C3T increased).
All these possibilities can be ruled out as causes of the excess homoplasies. First, codon bias can be allowed for by estimating an`e¡ective site number', S e (Maynard Smith & Smith 1998) . A conservative estimate is S e 2269 or 62% of the total number of sites. If there were only 2269 sites equally likely to change, the expected number of homoplasies would be 3.63, which is incompatible with the observed number of 22.
Selective constraints on a proportion of synonymous sites can also be rejected. If such constraints were common, the divergence at saturation between the sequences of humans and other primates would be lower than the value expected, given the observed codon bias. As shown in ¢gure 1, the actual divergence approaches the divergence predicted from the level of codon bias at saturation.
There is no evidence of variation in the mutation rate. If some sites have an elevated mutation rate in both directions, this would cause sites that are variable in humans to also be variable in other primates. In fact, no such tendency exists. The number of polymorphic sites and of apparently homoplasic sites in humans that are variable in other primates both agree rather closely with the numbers expected if all third sites are equally likely to change.
It is in any case more likely that the rate of mutation would be elevated in one direction only (e.g. C3T). The classic examples of hypermutation, CpG dinucleotides in mammals (Bulmer 1986; Bird 1987) and CCAGG sites in bacteria (Coulondre et al. 1978; Halliday & Glickman 1991) , conform to this pattern. However, an asymmetric increase in the mutation rate at some sites cannot account for the data. The essential di¤culty is as follows: if, at some sites, C3T mutations are much more common than T3C, then at most such sites the ancestral base would be T and such sites would not contribute homoplasies. A numerical model (see the appendix and table 1) suggests that the bias in mutation rate would have to be at least 30-fold and that most third sites would have to bè hypervariable' in this sense to account for the data. If so, the divergence at saturation would be reduced well below the level actually seen. A ¢nal reason for doubting the existence of hypervariable sites is that, in other systems, sites that are hypermutable exist in particular contexts, but there are no obvious patterns in the contexts of sites that are homoplasic in our data.
Finally, two steps which are required for recombination between mitochondrial lineages are known to exist. Paternal mitochondria enter the egg (Kaneda et al. 1995; Ankel-Simmons & Cummins 1996) and they contain the enzymes necessary for homologous recombination (Thyagarajan et al. 1996) . The only barriers to recombination are the fusion of mitochondria and the time for which paternal mitochondria survive once they are in the egg. It remains unclear whether mitochondria fuse frequently (Howell 1997) and in mice there are e¤cient mechanisms for eliminating paternal mitochondria, so that, within several hours of fertilization, paternal mtDNA can no longer be detected (Kaneda et al. 1995) . However, only relatively low levels of recombination are probably required to generate the patterns of homoplasy we observe.
An estimate of the relative importance of recombination and mutation is given by calculating the`homoplasy ratio' (Maynard Smith & Smith 1998) . The matrix of strains by informative sites is randomized, maintaining the number of the two alleles at each site, but allotting them randomly to strains. The most parsimonious tree is then found for the new matrix. This gives a value of h e , the number of homoplasies expected if there is complete linkage equilibrium. For the human data, the mean value (20 trials) of h e was 49.6 (range 47^55). The homoplasy ratio is (h o 7h c )/(h e 7h c ) 0.40. The ratio has an expected value of zero for a clonal population and one for a population in linkage equilibrium. For the human data neither of these extreme assumptions holds. Mitochondrial DNA has been used extensively in the study of human evolution. In many of these analyses the clonality of mitochondria has been either explicitly or implicitly assumed (Cann et al. 1987; Vigilant et al. 1991; Rogers & Harpending 1992; Hasegawa et al. 1993; Wakeley 1993; Rogers 1995) . It is clear that many of these conclusions will have to be treated with caution or reassessed. It certainly seems dangerous to assume that mitochondria are clonal when there is evidence against and no evidence in favour of such a conjecture.
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APPENDIX A
To calculate the number of hypermutable sites required to explain the level of homoplasy in our data, let us imagine there are two classes of site, normal sites and hypervariable sites. Let the proportion of sites which are hypermutable, either in the non-hypermutable or the hypermutable state, be . At normal sites, the probability that a change occurs and is detected as a polymorphism in our sample of l sequences is u. Hypervariable sites are assumed to change at the same rate, u, in one direction and at a higher rate, uk, in the other: at equilibrium, a proportion k/(k + 1) of such sites will be in the nonhypermutable state and 1/(k + 1) in the hypermutable state. We conservatively assume that the sequences form a star phylogeny; the probability of detecting x hits in l sequences when the mutation rate is m (i.e. u or uk) is therefore
The proportion of sites which are expected to be polymorphic is R (k 1) (1 À P(l, 0, uk)) k (k 1)
(1 À a)
and the proportion of sites which are expected to be homoplasic is H (k 1) (1 À P(l,0,uk) À P(l,1, uk)) k (k 1)
(1 À ) (1 À P(l,0, u) À P(l, 1, u)).
The total number of sites is 3628, of which 126 are polymorphic, so R 126/3628. On average, in the most parsimonious trees, there were 16.1 homoplasic sites: this is less than the observed number of 22, because some sites changed more than twice. Hence, H 16.1/3628. We solved equations (A2) and (A3) for these values numerically, for k 31, 40, 50 and 100. No solutions could be found for k531. The results are given in table 1.
